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Abstract 
The source of X-ray radiation with quantum energy in the range hȞ = 1÷10 keV was developed for interaction of x-ray with 
matter and modification of solid surface. It was based on vacuum spark discharge with laser-triggering.  The comprehensive 
study of X-rays imaging, quantum energy and temporal characteristics was carried out. Correlated estimates of the temperature of 
the investigated plasma based on moderate powerful vacuum discharge were obtained using the two methods in the case of low-
stored energy (Eื1 J). 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
It is well known that high-current vacuum sparks (HVS), with plasma producing due to electrode erosion, are 
sources of bremsstrahlung and characteristic X-rays emission [Korop et al. (1979), Georgescu et al.(2001), Korobkin 
et al. (2008)]. However, this type of discharge requires a large amount of energy stored in capacitor banks and 
additional electrode for discharge ignition. 
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In this paper, the plasma of laser-triggered moderated powerful vacuum discharge is introduced as a portable 
source of X-ray emission. Such plasma can be a stable source of X-rays emission in which the intensity and 
quantum energy is determined by parameters of laser-triggering, the energy stored in the capacitor and geometry of 
the discharge electrodes [Korobkin et al. (2005)].  
Practical interest presents source of X-ray in the case with a relatively small amount of stored energy. Low 
capacitor energy (~1 J) allows working in quasi-frequency mode with a repetition rate of several Hertz in the range 
hȞ = 0.1 ÷ 10 keV. 
2. Experimental setup    
The experimental setup consists of an interaction vacuum chamber (pressure P § 10−5Torr, volume V § 0.1 m3), 
Nd-YAG laser, operating at the Q-switching mode (wavelength Ȝ = 1.06 um, pulse energy  El§ 25 mJ  and pulse 
duration of  Ĳ § 15 ns), capacitive energy storage and diagnostic tools (the Rogowsky coil, vacuum X-ray pinhole 
camera with Kodak (Ultra-speed DF-58 [Baechler et al. (2010)] - film detector, attenuating of Al-filters, X-ray pin-
diodes with matched pairs of filters). 
To measure a temporal behavior of X-rays and to estimate the total energy value of X-ray per 4psr per shot, two 
identical pin-diodes were used. They were placed inside of vacuum chamber at the distance about 20 cm from 
discharge gap. And they were positioned perpendicular to the axis of the discharge.  
The input windows of the diodes were covered by pair of matched filters. The first pair - 9 um Al and 17 um Mg 
filters.  Subtraction of the signals in these channels gives energy interval of ȿq = 1.3÷1.57 keV (range of photon 
energies between Al K-edge and Mg K-edge). The second pair - 15 um Ni and 20 um Fe + 9 um Al.  Subtraction of 
the signals in these channels gives energy interval of ȿq = 7.13÷8.33 keV (range of photon energies between Fe K-
edge and Ni K-edge). 
Fig. 1. (A) The experimental set-up: 1 – laser beam, 2 − vacuum chamber, 3 − X-ray pinhole camera, 4 − target electrode, 5 − high-voltage 
electrode, 6 − focusing lens, 7 – X-ray pin-diodes, 8 − capacitor, 9 – vacuum pumping.  (B) Principal experimental scheme of electrodes. 
Discharge system consisted of electrodes, high-voltage part, capacitive energy storage and low-inductance 
vacuum current circuit. Charging voltage was varied from 5 to 13 kV. In our experiments we used two schemes with 
capacity C1 = 0.22 uF and ɋ2 = 0.011 uF.  To increase the electric field strength and intensity of X-rays emission the 
electrodes with conical configuration were applied [Bashutin et al. (2013)]. Laser radiation was focused on the Fe 
electrode- target (fig.1b). The other high-voltage electrode was made of brass.  
The distance between electrodes was chosen as a variable parameter, which affected energies range and intensity 
of x-rays. The length d of the electrode gap was changed in range d = 2 – 7 mm with step about 1 mm. 
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3. X-ray measurements 
In the first series of our experiments we used the capacitor with C1 § 0.22 uF.  In this case the maximum charging 
voltage Umax = 13 kV corresponds to the stored energy E1 ~ 17 J and the amplitude of discharge current didn’t 
exceed the value I1§ 10 kA.  
 
Fig. 2. X-ray images of the discharge gap for laser-triggered vacuum discharge (C1§0, 22 uF, d=5 mm, Umax=13 kV). Thickness of the Al filter 
h=4um.  
 X-ray image of the plasma was obtained with the vacuum pinhole camera (diameter of the aperture d ~ 500 um, 
magnification D = 1). It was located inside the vacuum chamber at the distance about 10 cm from the discharge 
plasma. X-ray image was attenuated by means of 4 um Al filter and recorded to Kodak -film. 
Two modes with cathode and anode electrode target were investigated. Figure 2 shows the integral (without time 
resolution) spatial distribution of X-ray emission. The highest intensity X-rays is observed when the electrode-target 
is a cathode (fig. 2a). See two bright regions of X-ray radiation can be observed. Presumably, the large area around 
the anode corresponds to bremsstrahlung and a smaller area near cathode shows pinching of the plasma near the 
cathode. If a laser pulse was initiated in the anode (fig. 2b) we could observe a weak bremsstrahlung around the 
anode because the initial electrons were not accelerated in the external electric field.  Further, in all experiments we 
used a cathode electrode target (Fe). 
The measurement of the energies of the X-rays quanta was performed using an attenuating Al-filters with 
thickness h = 2÷120 um. The cassette with Al-filters and Kodak-film was placed at a distance about 5 cm from the 
X-rays radiation source. In the given case, to restore the energies spectrum it is necessary to determine the 
attenuation coefficient u(E) of X-rays in matter, which depends on the energy by using the «method of effective 
energies» previously successfully applied in the works [Basov et al. (1989), Averin et al. (2006), Dolgov et al. 
(2008)].  
The second series of experiments. 
In what follows a detailed look at the results obtained for the "low-energy" plasma source (E ~ 1 J) is presented. 
The spectral composition of x-rays for the discharge current was sustained with a capacitor of ɋ2 = 0.011 uF loaded 
up to 13 kV is shown in figure 3. The level of energy input into the discharge was decreased to the value of  E ~ 1 J 
and  the magnitude of discharge current reached Ir § 2 kA. Other parameters were not changed.  The most intense 
radiation was observed at an electrode gap of d = 2÷3 mm. 
 
 
a) the electrode-target is cathode 
 
b) the electrode-target is anode 
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Fig. 3. Histograms of restoration of x-ray spectrum  for experimental conditions C2§ 0.011 μF, U=13 kV, E ~ 1 J: a) Average photon energy of 
emitted x-ray spectrum depends of electrode gap size; b) Spectral composition of the x-ray source for optimal gap size d = 2 mm. 
For the presented results (fig. 3b) we obtained the estimate of the plasma temperature Te1§700 eV. 
To control the temporal dependence of discharge current the Rogowsky coil was placed in the cathode circuit.  
The temporal characteristics of x-rays emission were measured by a system consisting of two pin-photodiodes that 
were covered by the matched pairs of filters. The signals of the discharge current and x-ray pulses were recorded by 
the digital oscilloscope Lecroy«WaveAce2024» (fig.4). 
 
 
a                       b 
Fig. 4. Typical oscillograms of X-ray emission and discharge current for ɋ2= 0.011 μF, U = 13 kV; a) Pin-photodiode D1 with filter F1(17um 
Mg) and pin-photodiode  D2 with filter F2 (9 um Al); b) pin-photodiode  D1 with filter F3(20 um Fe and 9 um Al) and pin-photodiode D2 with 
filter F4 (15 um Ni). 
It is shown that at the moment of emergency the discharge current oscillations correlated with time when x-rays 
radiation was emitted.   The discharge current has damped oscillatory in the process of developing of plasma. It’s 
necessary to note that x-rays radiation was emitted in the initial stage of the discharge firing after t400 ns following 
laser initiation pulse. Time duration of x-rays pulse was estimated as txr ~ 100 ns. 
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a                          b 
Fig. 5.Spectral  characteristics  of F1 (Mg 17 um)  and F2(Al 9 um) pair filters(A). Spectral  characteristics  of  F3 (Fe 20 um+Al 9 um)  and F4 
(Ni 15 um) pair  filters(B). Spectral sensitivity pin-photodiode and spectrum of Plank' "black body" for temperature Te2=800 eV. 
Using the results shown in Figures 4 (a,b) and 5 (a,b) we can estimate the number of registered x-ray quanta in 
the investigated ranges between 1.0-1.6 keV and 7.1-8.4 keV. The data in Fig. 4a shows that rather more of x-ray 
quanta N (Al) pass through the Al filter than through the Mg filter. It can be represented numerically 
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Using already known spectral characteristics of filters, spectral sensitivity of the pin-photodiodes and the Planck 
model we could obtain an estimate of the temperature of the model source (plasma) for the close to (1) ratio of the x-
ray quanta after various filters.  
The spectral density of the plasma radiation is described by the following formula 
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where Ii (2) is the spectral density, Eλ is the energy, Si is the spectral sensitivity of the pin-photodiode, Fi,j is the 
transmission spectrum of the filter  j, i is the index of  Ȝ, Te is the temperature,  Nmj is the number of calculated x-ray 
quanta for the filter j. 
 Taking into account the equation (3) it is obvious that 
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where Nm(Al), Nm(Mg) is the number of x-ray quanta calculated within the model of the Planck plasma radiation 
with a temperature Te2§800 eV for range 0.1-10 keV. Although our estimate of the temperature is quite rough, the 
two numbers (Te1 and Te2) correlate well with each other. 
For the calculated temperature Te2 and calculated signals for the filters F3, F4 we figured out that 
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The experimental results show that x-ray radiation passes through the Ni filter 6 times more than through the Fe 
filter. Or N(Ni)/N(Fe+Al)§6. In other words, in this range (7.1-8.4 keV) the contribution of the characteristic 
recombination radiation of Fe, Zn and Cu ions is significant. In the Figure 4b the typical view of the x-ray pulse is 
presented. It consists of several strong peaks that can be related with different spatial domains of the discharge. 
4. Conclusion 
 It is important to note that the highest intensity of x-rays emission was observed at the distance d = 2÷3 mm for 
C = 0.011 uF and E § 1 J. Using different methods we obtained similar estimates of the temperature of the plasma 
source (Te=700-800 eV).  
As for the spectrum of the x-ray radiation it should be noted that the bremsstrahlung as well as characteristic 
radiation are presented at the record range of the radiation. Therefore, the contribution of the characteristic radiation 
may lead to an error using the method of “effective energy”.  
Time measurement of x-ray radiation shows that in the range 7.1-8.4 keV there is a great contribution of 
characteristic radiation of the electrode materials Cu, Zn and Fe. This probably occurs due to the fact that a main 
part of hard x-ray radiation (range 5-10 keV) is contained in a cathode plasma spot.  
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